We report R-, J-and K-band observations of the GRB980329 field made on April 1 with the APO 3.5-m telescope, and J-and K-band observations made between April 6 -8 with the Keck-I 10-m telescope. We show that these data and other reported measurements are consistent with a power-law fading of the optical/near infrared (NIR) source that is coincident with the variable radio source VLA J0702+3850. This establishes this source as the afterglow of GRB980329. We construct a model of the observed optical/NIR and X-ray spectrum of burst afterglows that takes into account the extinction of optical/NIR light and the absorption of soft X rays by dust and gas along the line-of-sight to the burst and in any host galaxy. For GRB980329, we find a rest-frame V -band absorption magnitude of A V (1 + z) = 3.00 ± 0.25 mag, assuming a power law for the intrinsic spectrum, and that the observed spectrum of the burst afterglow is fully consistent with extinction of the intrinsic spectrum in the optical/NIR. This value of A V is too large to be consistent with absorption by either intergalactic gas or the halo of a galaxy, unless z ∼ > 5, suggesting that the burst source lies in or behind a galactic disk or nucleus. We show that optical/NIR and soft X-ray observations of the burst afterglow can be combined to determine A V and z separately. Little soft X-ray absorption is expected for the value of A V (1 + z) that we find. Hence, the failure of ROSAT to detect soft X-rays implies either a much larger than expected metals-to-dust ratio or that the lack of observed soft X-rays is due to some other cause than absorption.
Introduction
On March 29.16, GRB980329 triggered the BeppoSAX Gamma Ray Burst Monitor and was detected simultaneously with the BeppoSAX Wide Field Cameras (WFC), which yielded an error circle of 3 ′ radius . Seven hours later, this error circle was observed with the BeppoSAX Narrow Field Instruments (NFI), which detected a fading medium-energy X-ray source, 1SAX J0702.6+3850, about 1 ′ from the center of the error circle (in 't ).
On April 3, (see also reported the detection of a variable radio source, VLA J0702+3850, within the 1 ′ radius error circle of 1SAX J0702.6+3850, with measurements made between March 30 and April 2. On the same day, Djorgovski et al. (1998) reported the detection of a faint (R = 25.7 ± 0.3 mag) optical source coincident with VLA J0702+3850, with measurements made on April 2 with the Keck-II 10-m telescope; they interpret this source as the underlying host galaxy. Also on the same day, Klose (1998) (see also Klose et al. 1998) reported an I-band measurement of this source, made on March 30 with the Tautenburg Schmidt telescope, and Larkin et al. (1998a,b) reported K-band measurements of this source, made on April 2 and April 3 with the Keck-I 10-m telescope.
Observations reported on April 6 by Palazzi et al. (1998a) March 30) , and on April 8 by Pendersen et al. (1998) (R-band, March 31 + April 1 + April 2) provided evidence that this source was fading. On April 7, Smith & Tilanus (1998a,b) reported the detection of a fading submillimeter source coincident with this source, with measurements made between April 5 and April 7 with the James Clerk Maxwell Telescope (JCMT). On April 12, Metzger (1998a,b) reported K-band measurements of the source, made between April 6 and April 8 with the Keck-I 10-m telescope, which demonstrated that the source continued to fade in the near infrared (NIR) as late as 10 days after the gamma-ray burst (GRB). On April 28, Greiner et al. (1998) reported an upper limit for the soft X-ray flux from any source in the BeppoSAX WFC error circle, from observations made between April 1 and April 3 with the ROSAT HRI. Except for the radio measurements and upper limits, which can be found in , all of these measurements and upper limits are listed in Table 1 .
In this paper, we report Apache Point Observatory (APO) and Keck-I observations of the GRB980329 field. We model the expected optical/NIR through X-ray spectrum of the burst afterglow, taking into account extinction of the optical/NIR light and absorption of soft X-rays by gas and dust along the line-of-sight to the burst and in the host galaxy. We then compare this model with observations, and derive a number of conclusions. This paper is organized as follows. In Section 2, we report the APO and Keck-I observations. We describe the model in Section 3. We compare the model with the observations and present our results in Section 4. In Section 5, we discuss the implications of our results and present our conclusions.
APO 3.5-m Telescope Observations
On April 1, we observed the GRB980329 field with the Astrophysical Research Consortium's 3.5-m telescope at Apache Point Observatory. We made both optical observations, using the Seaver Prototype Imaging Camera (SPICam), and NIR observations, using the Near Infrared Grism Spectrometer and Imager II (GRIM II).
Six 10-minute exposures, centered on the position of the variable radio source VLA J0702+3850 , were taken with the SPICam between April 1.097 UT and April 1.143 UT through the R-band filter, using a thinned SITe 2048 CCD with a 2 × 2 binning, giving a pixel scale of 0.28 ′′ /pixel. The mean epoch of the observation was April 1.12 UT and was taken at an effective airmass of 1.042.
The individual images were overscan-subtracted and flat-fielded with twilight flats, using standard IRAF tasks. These images were then combined into a single, stacked image, applying a high-sigma threshold clipping to reject deviant pixels. The stacked image is equivalent to a 3600 second exposure, and resulted in an effective seeing of 1.0 ′′ . The optical object reported by Djorgovski et al. (1998) at the position of the radio source VLA J0702+3850 is clearly seen in our image (see Figure 1) . We measure R = 25.25
+0.35
−0.25 mag for this object, calibrated using the magnitude of the fainter (R = 20.6 mag) of the two nearby stars reported by Ilovaisky & Chevalier (1998) ; the brighter of these two stars is saturated in our image.
The GRIM II instrument has a NICMOS array, with both J and Mauna Kea K ′ (bandpass 1.95 -2.30 µm) broadband filters. At the focal length of f /5, the pixel scale is 0. ′′ 47 and results in a 2 ′ × 2 ′ field-of-view. Randomly-dithered 15-second J frames of the VLA J0702+3850 field were taken every 20 seconds for nearly 30 minutes, from 03:56 to 04:22 UT on 1998 April 1. We combined these 63 frames into a single, stacked image equivalent to a 945-second integration. From 04:23 to 04:58 UT, we took a randomly-dithered 20-second K ′ frame every 25 seconds; the stacked image is equivalent to a 1310-second integration. We returned to the field two hours later, again observing in J; we took randomly-dithered 15-second frames from 06:24 to 06:45 UT and stacked them into a single image, equivalent to a 915-second integration. UKIRT faint standards were observed throughout the evening at each wavelength for both magnitude calibration and airmass correction.
Using a 3 arcsecond diameter aperture, we find a 1 σ detection limit of magnitude 20.8 for our first J frame and magnitude 20.7 for our second J frame, after correcting for atmospheric extinction. Similarly, we find a 1 σ detection limit of magnitude 19.7 for our K ′ observations. Combining both the early and late stacked J images gives us a 1 σ detection limit of magnitude 21.3. No source was detected at the position of VLA J0702+3850 in either the combined J image (Cole et al. 1998a,b) or the K ′ image to these detection limits.
Keck-I 10-m Telescope Observations
Observations of the VLA J0702+3850 field were performed with the Keck-I 10-m telescope on April 6 and April 8 UT using NIRC (Matthews et al. 1993) in the J and K bands. The detector has 256 × 256 pixels that project to 0.15 arcsec on the sky, providing a 38 arcsecond field of view. On April 6.27 and April 8.28 UT, 5 second images in K were obtained in a standard dither pattern, which were flattened and co-added with bad pixel rejection to produce one frame for each night with a total integration of 1080 seconds each. On April 6.3, 10 second images of the field in J were obtained in a similar fashion, again with a total integration of 1080 seconds. Several near-IR standards were observed on each night (both of which were clear) and used to provide a magnitude calibration and airmass correction for each band. Clipped mean stacks of the off-position dither frames were used for the sky estimate in each case.
A K-band image formed by combining the K-band images from April 6 and April 8 is shown in Figure 2 (right panel); superposed is a circle centered on the position of VLA J0702+3850. An object is clearly detected at the position of the variable radio source. The K-band magnitude of this object was reported by Metzger (1998) : 21.4 ± 0.2 on April 6.3 and 21.9 ± 0.2 on April 8.3. Fluxes were measured in a 1.5 arcsec diameter aperture, corrected to an effective 3 arcsecond aperture using curves of growth from the brighter stars in the field, and corrected for atmospheric extinction. For the same aperture, in the J frame of April 6.3 UT we find J=23.3 ± 0.4. The J-band image is shown in Figure 2 (left panel).
Implications of the Observations
In Figure 3 , we plot the millimeter through X-ray measurements given in Table 1 , apart from the R-band measurement of Pedersen et al. (1998) , which was made by stacking images that were taken on three separate days. These measurements define the 2 -10 keV, R-, I-, J-, K-, 850 µm, and 3.3 mm band light curves of the object that is coincident with the variable radio source VLA J0702+3850. In this figure, we have corrected the R, I, J, and K-band magnitudes for Galactic extinction. We estimate the Galactic extinction in the direction (l = 178.1211, b = 18.6539) of GRB980329 in two ways: (1) using the Burstein & Heiles (1982) H I maps 5 , we find that E(B − V ) = 0.124 mag, which implies (Schlegel, Finkbeiner, & Davis 1998 ) that A U = 0.67 mag, A B = 0.53 mag, A V = 0.41 mag, A R = 0.33 mag, A I = 0.24 mag, A J = 0.11 mag, and A K = 0.05 mag; and (2) using the IRAS 100 µm map (pixel size 90 ′′ ), we find that the 100 µm flux is 3.959 MJy/sr, which, from the dust model of Rowan-Robinson et al. (1991) (see also Nichol 1992) , corresponds to A B = 0.32 mag and A V = 0.24 mag. The ≈ 0.2 mag discrepancy between these two estimates may be due to systematic errors in the dust model and/or the larger pixel size of the Burstein & Heiles H I maps (there appears to be a large dust lane a few arcminutes to the southeast of the GRB). Thus, A B ≈ 0.4 and A V ≈ 0.3 are our estimates for the Galactic extinction.
Visual inspection of Figure 3 suggests that the optical/NIR object that is coincident with the variable radio source is fading as a power law, at least in the R-and K-bands, for which multiple measurements are available that span extended periods of logarithmic time. 6 Modeling the temporal index, b, as a constant across these two bands, and fitting to these bands simultaneously, we find that b = −1.20 +0.11 −0.11 (χ 2 = 1.31, ν = 4). Thus the (sparse) available measurements are consistent with a power-law fading of the optical/NIR source that is coincident with the variable radio source VLA J0702+3850. Furthermore, in 't report that the 2 -10 keV flux of the afterglow faded by a factor of about 3 over 14 hours of observation, a rate of fading that is consistent with this temporal index. These results establish this source as the afterglow of GRB980329, and make GRB980329 the fifth burst for which an optical/NIR afterglow has definitely been detected.
We cannot exclude the possibility that the later R-, J-, and K-band measurements are contaminated by light from an underlying host galaxy from the light curves alone. However, the measured optical/NIR magnitudes do not deviate from the best-fit power-law rate of decline at late times, and therefore provide no evidence of such a galaxy. We address this issue further in §4.1.
Extinction and Absorption Models
GRB afterglows are believed to be described by the relativistic blastwave model (see, e.g., Mészáros, Rees, & Wijers 1998; Sari, Piran, & Narayan 1998) , which predicts that for frequencies above the synchrotron (see, e.g., Mészáros, Rees, & Wijers 1998) and cooling (see, e.g., Sari, Piran, & Narayan 1998) frequencies, the spectrum of the afterglow is a power law that declines in time also as a power law:
where a is the spectral index and b is the temporal index. In the case of the simplest form of the relativistic blastwave model; i.e., an isotropic blastwave that expands into a homogeneous medium, the spectral and temporal indices are related by a/b = 2/3. However, the value of a/b is very sensitive to small departures from either isotropy or homogeneity (see, e.g., Mészáros, Rees, & Wijers 1998).
The afterglow of GRB970228, the first GRB for which an optical afterglow was detected, has 6 We omit the J-band detection reported by Mannucci et al. (1998) from our fits, since the position of this object is not coincident with that of the variable radio source VLA J0702+3850 and is therefore likely not associated with the radio source (Palazzi et al. 1998b) .
been shown to be consistent with this simplest model (Tavani 1997; Waxman 1997; Wijers, Rees, & Mészáros 1997; Reichart 1997; Sahu et al. 1997; Katz & Piran 1997) . Reichart (1998) has shown that the afterglow of GRB970508, the second GRB for which an optical afterglow was detected, is consistent with this simplest model only if an intermediate absorber exists at a redshift of z = 1.09
+0.14 −0.41 . This redshift is consistent with the spectroscopic redshift lower bound that Metzger et al. (1997a,b,c) had established for this GRB: z ≥ 0.835. The weakness of this method is that it is very sensitive to the assumed value of a/b, which, as stated above, can vary greatly in the relativistic blastwave model. If the parameters a and b are taken to be independent, one can usually only constrain the quantity A V (1 + z), where A V is the rest-frame V -band absorption magnitude of the absorber along the line of site (see §3.1).
In this section, we present a more general model for the observed spectrum of the afterglow that combines the optical/NIR extinction model of Reichart (1998) and a soft X-ray absorption model. This more general model can break the degeneracy between A V and z, allowing them to be determined separately, as a function of the metals-to-dust ratio of the absorber.
Optical/NIR Extinction
Interstellar dust can extinguish the afterglow of a GRB from the NIR to the ultraviolet in the rest frame of the absorber. Consequently, the observed spectrum of the afterglow, once corrected for Galactic extinction ( §2.3), is given by (Reichart 1998) 
where A(ν) is the rest-frame interstellar absorption curve of the absorber along the line of sight, and A V is the rest-frame V -band absorption magnitude of the absorber along the line of sight.
The exact form of A(ν) varies from galaxy to galaxy, and also from line of sight to line of sight within a galaxy. However, except for a broad absorption feature around 2175Å, these curves of A(ν) tend to be roughly linear in frequency. Consequently, in this paper, we model the rest-frame interstellar absorption curve of the absorber along the line of sight by A(ν) ∝ ν. This linear approximation is particularly good between the NIR and the near-ultraviolet; in the cases of starburst and DLA galaxies, this approximation is also good at higher frequencies, in part because the extinction curves of such galaxies generally do not exhibit this 2175Å absorption feature (Gordon, Calzetti, & Witt 1997; Gordon & Clayton 1998) . If, on the other hand, the 2175 A feature is present in the absorption curve of the absorber, and if it is redshifted into an observed band, the values of A V and z for the absorber can be determined directly (Reichart 1998) .
Employing the linear approximation, equation (2) becomes
Equation (3) explicitly shows that optical/NIR observations can constrain only the combined parameter A V (1 + z). In §3.2, we show that this degeneracy between A V and z can be broken as a function of the metals-to-dust ratio of the absorber by additionally modeling the soft X-ray absorption.
Soft X-ray Absorption
Cold metals in interstellar gas can absorb the afterglow of a GRB from the ultraviolet to the soft X-ray in the rest frame of the absorber. Consequently, given equation (1), the count rate that an X-ray detector of effective area A(E) measures for the afterglow in the energy range E l < E < E u is given by
where h is Planck's constant, and τ M W (E) and τ ⋆ (E) are the optical depths of the Milky Way and the absorber along the line of sight. The optical depth of the absorber is given by
where N H is the H I hydrogen column density along the line of sight, σ(E) is the effective absorption cross-sections per hydrogen atom in the Milky Way (Morrison & McCammon 1983) , and Z ⋆ and Z M W are the metallicities of the absorber and the Milky Way. The values of N H and A V are related by
where η ⋆ is the H I gas-to-dust ratio of the absorber, and R V is given by (Cardelli, Clayton, & Mathis 1987 )
Consequently, equation (3) becomes
where
µ ⋆ and µ M W are the metals-to-dust ratios of the absorber and the Milky Way, and η M W ≈ 5 × 10 21 cm −2 mag −1 (Bohlin, Savage, & Drake 1978; Heiles 1976 ) is the H I gas-to-dust ratio of the Milky Way. The corresponding energy flux of the afterglow in the energy interval E l -E u is given by
In §3.1, we showed that, within the framework of the optical/NIR extinction model, optical/NIR observations constrain the quantity A V (1 + z). On the other hand, the amount of soft X-ray absorption is proportional to the effective absorption cross-section σ(E) ∼ E −7/3 , and thus, within the framework of the soft X-ray absorption model, soft X-ray observations constrain the quantity µ ⋆ A V (1 + z) −7/3 . Therefore, fitting the combined optical/NIR extinction model and the soft X-ray absorption model to observations from the NIR through soft X rays allows A V and z to be constrained separately, as a function of the metals-to-dust ratio µ ⋆ of the absorber.
The Afterglow of GRB980329

Optical/NIR Extinction
The optical/NIR extinction model, as given by equation (3), only applies to frequencies that are above the synchrotron and cooling frequencies ( §1). The synchrotron frequency decreases quickly, roughly as ν m ∼ t −3/2 . It is expected to pass the NIR only minutes to hours after the GRB, and it is expected to reach the millimeter days to weeks after the GRB (see, e.g., Mészáros, Rees, & Wijers 1998). However, the cooling frequency -if present -decreases more slowly, roughly as ν c ∼ t −1/2 , and it is expected to take days to weeks to drop below the NIR (see, e.g., Sari, Piran, & Narayan 1998).
The passage of either of these spectral break frequencies through a band results in a steepening of the temporal index, b: in the case of the synchrotron frequency, ∆b ≈ −1.25, and in the case of the cooling frequency, ∆b ≈ −0.25 (see, e.g., Sari, Piran, & Narayan 1998) . In the case of the afterglow of GRB980329, enough measurements have been reported (Table 1) . These values suggest that the synchrotron frequency passed through all of these bands before their respective epochs of observation; however, the passage of this frequency through the 3.3 mm band can only be established at the ≈ 1 σ credible level from the temporal data alone. The best-fit value of b R − b K = −0.31 suggests that a cooling break may have passed through the R band before or about day 0.8 and through the K band after or about day 10.1; however, this also can only be established at the ≈ 1 σ credible level. If a cooling break did pass through the R band before day 0.8, it will have passed through the I band before day ≈ 1.3, the J band before day ≈ 3.0, and the K band before day ≈ 9.7, i.e., before or about the epoch of the last K-band observation. Given the possibility that a cooling break is present in the spectrum of the afterglow of GRB980329, we fit equation (3) to two subsets of the measurements of Table 1 . The first subset includes all of the measurements from the X-ray to the millimeter (with the exceptions that we note below); i.e., in this case, we assume that the synchrotron frequency passed the 3.3 mm band before its epoch of observation and that the afterglow does not have a cooling frequency. In the case of the second subset, we assume that the afterglow does have a cooling frequency and that it just passed the R band at day 0.8; i.e., we include only those measurements for which this frequency has already passed the band of the measurement by the epoch of the observation: the 2 -10 keV measurement, the R-band measurements, the last J-band measurement, and the last K-band measurement.
Since both spectral break frequencies are expected to have passed the 2 -10 keV band within seconds after the GRB, and since absorption can be ignored at these photon energies, equation (3) can be fitted to this measurement by setting A V = 0 mag in this case [i.e., equation (3) reduces to equation (1) in this case]. Equation (3) cannot be fitted to the radio measurements (1.4 GHz, 4.9 GHz, 8.3 GHz, and 15 GHz) of ; these authors show that these frequencies are below the self-absorption frequency (see, e.g., Mészáros, Rees, & Wijers 1998) and also that the afterglow is scintillating at these frequencies. However, we discuss below how the radio to millimeter spectrum of the afterglow, as determined by , connects to our determination of the millimeter through X-ray spectrum of the afterglow.
When we fit equation (3) to the millimeter through X-ray measurements of Table 1 , the I-band estimate of Klose 1998 and Klose et al. (1998) and the three 850 µm measurements of Smith & Tilanus (1998) are obviously discrepant (see Figure 3) .
The I-band estimate of Klose (1998) and Klose et al. (1998) is 2.4 mag in excess of the best fit. One possibility is that the reported magnitude is inaccurate: this is the most likely explanation, since only a rough estimate (without any quantification of the uncertainty) was reported. Some support for the former possibility comes from the R-band measurement of , which was taken just 2.3 hours after the I-band measurement and is consistent with the best-fit power-law temporal decay (see Figure 3) . Another possibility is that this measurement reflects a temporal variation of the afterglow, similar to the variation indicated by the 5 σ J-band detection (Klose et al. 1997 ) of the GRB970228 afterglow 18 days after the burst (Reichart 1997a ).
The 850 µm measurements that Smith & Tilanus (1998) made between April 5 and April 7 are ≈ 2 -5 mag brighter than what we expect at this frequency and epoch, given the best-fit power-law temporal rate of decline. The lower limit of ≈ 2 mag applies if either (1) the cooling frequency had dropped below the submillimeter by this epoch (however, see §4.1), or (2) this afterglow does not have a cooling frequency; the upper limit of ≈ 5 mag applies if the cooling frequency just dropped below the K band at this epoch. We therefore do not include the submillimeter measurements in our fits. In a separate paper, we investigate whether or not thermal emission from dust in the host galaxy that is heated by the gamma-ray burst and its afterglow can explain the submillimeter measurements (Reichart & Lamb 1998 ).
When we fit equation (3) to the remaining 2 -10 keV, R, J, K, and 3.3 mm measurements of Table 1 . This fit assumes that the late R-and K-band magnitude measurements are not contaminated by any underlying host galaxy (see below). In addition, since A V,⋆ (z = 0) ≫ A V,M W , this result is relatively insensitive to reasonable changes to the assumed value of A V,M W . Thus, the observed spectrum of the burst afterglow is fully consistent with extinction of an power-law spectrum in the optical/NIR.
In Figure 3 , we show the measurements ( §2.3) and the best-fit light curves for the 2 -10 keV, R, I, J, K, 850 µm, and 3.3 mm bands. In Figure 4 , we show a composite spectrum of the afterglow, constructed by scaling all of the measurements to a common epoch (1998 April 1.0, approximately 3 days after the GRB) using equation (3) and the best-fit value of the temporal index. We also show the best-fit optical/NIR spectrum for this epoch (solid line) and the inferred extinction-free, power-law spectrum [i.e., equation (1)] (dotted line).
When we fit equation (3) The results of this fit are consistent with the results of the above fit; i.e., if this fitted spectrum is extrapolated to the 3.3 mm band, it also passes through the measurements of in this band. This suggests that either (1) the afterglow of GRB 980329 does not have a cooling break, or (2) it does have a cooling break, but the 3.3 mm measurements, like the 850 µm measurements, are discrepant. However, if the latter were the case, the millimeter through X-ray spectrum of the afterglow would not connect to the radio through millimeter spectrum of the afterglow, as determined by , which does pass through these 3.3 mm measurements. Consequently, we find that it is more probable that this afterglow does not exhibit a cooling break.
Finally, we consider the possibility that the light curves of the afterglow (Figure 1 ) are contaminated by an underlying host galaxy. If this were the case, the R-band magnitude of the galaxy would have to be R ≈ 25.5 mag, the K-band magnitude of the galaxy would have to be K ≈ 21.5 mag, and the temporal index of the afterglow would have to be significantly steeper than the above fitted value: b = −1.11 +0.11 −0.11 . If the temporal index were not steeper, the light curves of the afterglow would pass through all of the later measurements, ruling out the possibility of a significant contamination from an underlying source; if either the R-or the K-band magnitude of the galaxy were fainter than these values, then the baseline in logarithmic time in that particular band would be sufficiently long to show that the temporal index is not significantly steeper than the above fitted value. If we exclude the last two R-band measurements, the last J-band measurement, and the last two K-band measurements, due to the possibility of contamination from an underlying source, and then fit equation (3) to the remaining millimeter through X-ray measurements, we find that b = −1.14 +0.22 −0.22 mag; i.e., a significantly steeper temporal index is ruled out, if one accepts the extinction model. Also, the rate at which the afterglow faded in the
Soft X-ray Absorption
From April 1 -3, the BeppoSAX WFC error circle was observed with the ROSAT HRI, but no soft X-ray sources were detected. Greiner et al. (1998) report a 3 σ upper limit for any X-ray source in the BeppoSAX WFC error circle of C = 1 × 10 −4 s −1 , corresponding to a 3 σ upper limit for the X-ray flux of 9.3 × 10 −15 erg cm −2 s −1 in the 0.1 -2.4 keV band, assuming that the spectral form is parameterized by a = −1, N H,M W = 9 × 10 20 cm −2 , and N H,⋆ = 0 cm −2 . We show this upper limit as the dashed line in Figure 5 . Using equation (8), we have also computed the count rate that the best fit of equation (3) and our estimate for the Galactic absorption ( §2.3) imply for the afterglow for the epoch of the ROSAT observation, where, in this case, we have assumed a Galactic value for the metals-to-dust ratio of the absorber (µ ⋆ = µ M W ). (The computed count rate is relatively insensitive to reasonable changes in the assumed value for the Galactic absorption.) Since A V is a function of z, this count rate is also a function of z (or conversely, a function of A V ), which we also plot in Figure 5 as the upper set of lines. The middle, dashed line of this set corresponds to the best fit; the upper and lower solid lines of this set correspond to propagated (and hence, approximate) 1 σ variations in the best fit. Low values of z imply lower fluxes, because (1) low values of z imply higher values of A V , and hence, more absorption, and (2) if the value of z is low, this absorption is not redshifted out the 0.1 -2.4 keV band. Consequently, if the assumption that µ ⋆ ∼ µ M W were correct, the implied redshift of the absorber would be z ≈ 0, and the implied rest-frame V -band absorption magnitude of the absorber along the line of sight would be A V ≈ 3 mag. Given these implications, we find that it is more likely that µ ⋆ ≫ µ M W , given this absorption model.
To investigate how higher metals-to-dust ratios affect our results, we also plot in Figure 5 the same sets of lines that we describe above, except for µ ⋆ = 10µ M W (middle set) and µ ⋆ = 100µ M W (lower set). In the former case, we find that the redshift of the absorber can be as high as z ∼ 0.5 and that the rest-frame V -band absorption magnitude of the absorber along the line of sight can be as low as A V ∼ 2 mag. Such values of A V are too high to be consistent with absorption by either intergalactic gas or the halo of a galaxy. Consequently, if µ ⋆ ∼ < 10µ M W , GRB980329 probably lies either within or behind a galactic disk or nucleus. At the redshifts that this case implies, the probability that such an alignment would occur by chance is only a few percent. Since such chance alignments are unlikely in this case, if µ ⋆ ∼ < 10µ M W , the absorber is probably the host galaxy of GRB 980329. However, if µ ⋆ > 10µ M W , higher redshifts and lower values of A V are possible, in which case the absorber may only lie along the line of sight to the burst.
Discussion and Conclusions
In this paper, we have reported R-, J-and K-band observations of the GRB980329 field made on April 1 with the APO 3.5-m telescope, and J-and K-band observations made between April 6 -8 with the Keck-I 10-m telescope. We have shown that these data, along with other reported measurements, are consistent with a power-law fading of the optical/NIR source that is coincident with the variable radio source VLA J0702+3850. This establishes this source as the afterglow of GRB980329. Also, we have shown that optical/NIR and soft X-ray observations of burst afterglows can be combined to determine the amount of extinction and absorption due to material along the line-of-sight to gamma-ray bursts, and to constrain the redshift of this material. For GRB980329, we find A V (1 + z) = 3.00 ± 0.25, assuming a power law for the NIR through medium X-ray spectrum, and that the observed spectrum of the burst afterglow is fully consistent with extinction of the spectrum in the optical/NIR.
These results have several important implications. Reichart (1998) has shown that extinction in an intervening galaxy along the line-of-sight to the burst or in the host galaxy can have a significant effect on the observed optical spectrum of the burst afterglow. In the particular case of GRB970508, he has shown that, with sufficient wavelength coverage of the burst afterglow in the optical, this effect can be used to determine the redshift of the material (most likely in the host galaxy of the burst) that is producing the extinction. In the case of GRB980329, the effect of extinction is pronounced, reducing the flux in the V-, R-, and I-bands by 3.0(1 + z), 2.6(1 + z) and 2.1(1 + z) magnitudes, respectively. These values are too large to be consistent with absorption by either intergalactic gas or the halo of a galaxy, unless z ∼ > 5, suggesting that the burst source lies in or behind a galactic disk or nucleus. Similarly large amounts of extinction may account for the fact that only a minority (5 of 12) of burst afterglows have been detected at optical (e.g., R-band) wavelengths (van Paradijs et al. 1997; Bond 1997; Halpern et al. 1997; Groot et al. 1998; Djorgovski et al. 1998 ).
The results of optical/NIR follow-up observations of burst afterglows suggest that the sources of gamma-ray bursts may lie in the star-forming regions of starburst or damped Ly-α (DLA) galaxies at moderate-to-large redshifts. The evidence includes distances 0.83 ≤ z ≤ 2.3 (and likely z = 0.83) for the afterglow of GRB970508 (Metzger et al. 1997a,b,c) and z = 3.42 for the apparent host galaxy of GRB971214 ; the underluminous (L ∼ < 0.01L * ) nature and small ( ∼ < 0.5 ′′ ) angular extent (implying sizes ∼ < 3 − 5 kpc at redshifts z ≈ 1 − 2) of the apparent host galaxies of GRB970228 and GRB970508 (Sahu et al. 1997a; Fructer et al. 1997; Zharikov, Sokolov & Baryshev 1998) ; the very blue color of the apparent host galaxy of GRB970228 (Castander & Lamb 1998a,b) ; and the detection of OII emission coincident with the afterglow of GRB970508 (Metzger et al. 1997a,b,c) and Ly-α emission coincident or nearly coincident with the afterglow of GRB971214 ).
The results we find for GRB980329 strengthen the case for the host galaxies of GRBs being starburst or DLA galaxies. In particular, the metallicities Z * of starburst or DLA galaxies at moderate-to-large redshifts, while spanning a broad range, are typically ∼ 0.1Z ⊙ (Pettini et al. 1994 (Pettini et al. , 1997a . Consequently, it is difficult to produce extinctions as large as the value A V (1 + z) = 3.00 ± 0.25 that we find from the spectrum of the optical afterglow of GRB980329, for the hydrogen column densities N (HI) ≈ 1 × 10 21 cm −2 thought to be typical of those through the disk of a starburst or DLA galaxy that is either along the line-of-sight to the burst or the burst host, unless the disk is edge-on with a dust lane. Rather, such hydrogen column densities are expected to produce A V ∼ < 0.03 (Pettini et al. 1997a ). The relatively large value of A V that we find therefore strengthens the evidence that gamma-ray burst sources lie in star-forming regions, where the optical depth due to dust can easily be of order unity or larger (Witt, Thronson & Capuano 1992; Witt & Gordon 1996; Gordon, Calzetti & Witt 1997 ).
Our results show that an explanation of the lack of observed soft X-rays (Greiner et al. 1998) in terms of absorption requires a ratio µ ⋆ of metals-to-dust in the absorber that is ∼ > 10 − 100 times the same ratio µ MW for warm clouds in the disk of the Milky Way, sufficient to reduce the flux in the 0.5-2 keV soft X-ray band by a factor ∼ > 10. Thus the failure of ROSAT to detect soft X-rays implies either a much larger than expected metals-to-dust ratio or the lack of observed soft X-rays is due to some other cause than absorption.
DQL gratefully acknowledges valuable discussions with Adolf Witt about the amount, nature, and distribution of dust in the Milky Way, and in starburst galaxies and damped Lyman-α systems. This research was supported in part by NASA grant NAG5-2868 and NASA contract NASW-4690. MRM's research was supported in part by Caltech. Table 1 , corrected for Galactic absorption ( §2.3), and the best fit (lines) of equation (3) fitted to a subset (solid symbols) of these measurements ( §4.1). Circles are the center of the 2 -10 keV band, hexagons are the R band, pentagons are the I band, circled squares are the J band, squares are the K band, circled triangles are the 850 µm band, and triangles are the 3.3 mm band. We do not fit to open symbols ( §4.1). The two upper limits are the 1 σ, J-band (lower) and K-band (upper) limits reported in this paper. The solid line is the best-fit millimeter through optical spectrum (equation (3)) for this epoch and the dotted line is the inferred extinction-free, power-law spectrum (equation (1)). The dashed line is an example X-ray spectrum, parameterized by the ROSAT HRI 3 σ upper limit of Greiner et al. (1998) . Fig. 5 .-In §4.1, the value of A V of the host galaxy is determined as a function of z from the optical/NIR extinction of the afterglow. Consequently, the soft X-ray count rate, which is a function of z, A V , and µ ⋆ (equation (8)), can be predicted as a function of either z and µ ⋆ (top panel) or A V and µ ⋆ (bottom panel). In both panels, the upper set of lines marks the predicted ROSAT HRI count rate of the best-fit spectrum for the epoch of the ROSAT HRI observation (Greiner et al. 1998) , assuming that µ ⋆ = µ M W ; the middle, dotted line of this set corresponds to the best fit spectrum, and the upper and lower, solid lines correspond to ≈ 1 σ variations in the best-fit spectrum ( §4.2). The middle and the lower sets lines mark that for µ ⋆ = 10µ M W and µ ⋆ = 100µ M W , respectively. The dashed line marks the 3 σ count rate upper limit of the ROSAT HRI observation ( §4.2). Consequently, either µ ⋆ ∼ µ M W , the redshift of GRB 980329 is z ≈ 0, and the rest-frame V -band absorption magnitude of the host galaxy along the line of sight is A V ≈ 3 mag, or more likely, µ ⋆ ≫ µ M W .
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